We have calculated relativistic energies and Landé factors for 5 6 2 , 5 2 6 , 6 6 2 , 6 2 7 , 5 3 , 5 6 7 , 6 2 6 , 5 6 6 , 5 2 6 and 6 2 7 excited levels outside the core [Xe]4 14 in neutral lutetium (Lu I, Z = 71). These calculations are based on the multiconfiguration Hartree-Fock (MCHF) method, within the framework of the Breit-Pauli relativistic corrections. Moreover, the results obtained have been compared with other works. 
Introduction
Lanthanides and actinides (frequently called the rare earths) consist of two series of elements which fill the 4f and 5f subshells, respectively. Lu I is the heaviest atom in the group of lanthanides. Lutetium has two naturally occurring isotopes 175 Lu and 176 Lu with natural abundances of 97 41% and 2 59%, respectively. Its ground state is 5 6 2 2 D 3/2 , with a closed shell formed by the 14f electrons.
Theoretical knowledge of, and investigation of some energy levels in, lanthanides has been presented by Cowan [1] . Since 1930 the spectrum of Lu I has been observed over a wide range of frequencies; first, Meggers and Scribner [2, 3] measured 652 lines emitted in arc and sparks. King [4] determined the temperature classification for lines of Lu. Using these data, Klinkenberg [5] identified the most important electron configurations in Lu I. Investigation of excited states of Lu I was presented by Göbel [6] . Camus and Tomkins [7] photographed the absorption spectrum of lutetium. A theoretical study of the odd configurations 5 6 6 , 6 2 6 , 5 6 2 and 5 2 6 of Lu I was presented by Camus and Masmoudi [8] . Some emission lines of lutetium were recorded by Vergès and Wyart [9] . Laser spectroscopic investigations in the configuration 5 6 6 of Lu I were reported by Kwiatkowski et al. [10] . A theoretical study of lanthanide atoms was performed by Tatewaki et al. [11] . Sekiya et al. [12] calculated 6s and 4f ionized states of lanthanides by the configuration-interaction method. Transition energies of lutetium were calculated by Eliav et al. [13] . Fedchak et al. [14] reported experimental and theoretical data for Lu I. The transition ener-gies and oscillator strengths for 6 2 5 2 D 3/2 -6 2 6 2 P 1/2 3/2 transitions in Lu were calculated with the multiconfiguration Dirac-Hartree-Fock method by Zou and Fischer [15] . The latest data for energy levels of Lu I can be found on the NIST web site 1 .
There is an increasing need for accurate spectroscopic data on rare earth elements. Development and application of reliable methods for theoretical investigations of rare-earth elements is highly desirable. In this work, the energies of even-parity levels including 5 14 in Lu I were obtained using multi-configuration Hartree-Fock approximation within the framework of Breit-Pauli Hamiltonian for relativistic corrections development by Fischer et al. [16] . These energy level data are required to determine radiative properties such as wavelengths, transition energies, oscillator strengths, and lifetimes. Lu I has a more simple spectrum than other most lanthanides. The ground state of Lu include a fully filled 4 subshell, which is different to La. The open shells for both of them are the same. We have therefore selected similar configuration sets as in our previous works related to La I [17] [18] [19] in order to consider correlation effects. All possible configuration state functions (CSFs) from the configurations mentioned above include 398 for MCHF calculations, in LS coupling, and 939 for MCHF plus Breit-Pauli effects calculations, in LSJ coupling. We have also calculated Landé factors for some levels using computer code developed by Jönsson and Gustafsson, [20] since Landé factors for energy levels are a valuable aid in the analysis of a spectrum.
Calculation method
The multiconfiguration Hartree-Fock approximation [21] is a Configuration Interaction (CI) method. The wave function is approximated by a linear combination of orthonormal configuration state functions so that 
where H NR is non-relativistic many-electron Hamiltonian and H RS is relativistic shift operator including mass correction, the one-and two-body Darwin terms, jindependent orbit-orbit and spin-spin contact terms,
Fine structure operator (H F S ) includes the spin-orbit, spin-other-orbit and spin-spin interaction terms,
Then, the total wave function can be written in the form
Φ(γ L S JM), where, are LSJ coupled CSFs. The radial functions are taken from a non-relativistic MCHF run and only mixing coefficients are optimized. The matrix eigenvalue problem becomes
H is here the Hamiltonian matrix with elements γ L S JM| H BP γ L S JM , and c is the column vector of the expansion coefficients. The Breit-Pauli Hamiltonian is a first-order perturbation correction to the non-relativistic Hamiltonian. Magnetic fields affect the shape and polarization properties of spectral lines via the Zeeman Effect, which is caused by the interaction between the magnetic moment of the atom and an external magnetic field. The operator representing this interaction is
where µ is the magnetic moment and B is the magnetic field.
In the Breit-Pauli approximation there are two contributions to the magnetic moment; one from the orbital motions and one from the spin motions of electrons. Adding these two contributions we get
where µ B is the Bohr magneton µ B = ¯ 2 and = 2 00232 is the g factor of the electron spin corrected for quantum electrodynamic (QED) effects. If the external field is weak such that the magnetic interaction energy is small compared to the fine-structure separations, H can be treated in first-order perturbation theory with wave functions for the Breit-Pauli Hamiltonian as zeroorder functions. Taking the direction of the external field as the z-direction, the operator for the interaction becomes
and the energy level γJ is split into magnetic sublevels
In the MCHF method, the wave functions for the BreitPauli Hamiltonian, H BP , are approximated by expansions over LSJ coupled CSFs as in (5) and the energy expression reduces to a double sum over CSFs
The matrix elements between CSFs are readily evaluated (11) to yield
where
is the Landé g factor without any term mixing, i.e. in pure LS coupling. Putting things together we see that the energy splitting can be written
where the Landé g factor in intermediate coupling, γJ , is obtained by summing the Landé g factors between the CSFs weighted by the product of the corresponding expansion coefficients. In theoretical studies γJ can be used as a valuable probe of the coupling conditions in the atom.
Results and discussion
In this work, relativistic energies (cm 3 and 5 6 7 for even-parity, and the levels of 6 2 6 , 5 6 6 , 5 2 6 and 6 2 7 for odd-parity outside core [Xe] 4 14 in Lu I are presented in Table 1 and Table 2 , respectively. In Table 1 and Table 2 , some of the results obtained are presented to facilitate comparisons with these levels in the literature. Moreover, we have added 5 3 and 5 2 6 4 F levels in the tables. These configurations are selected corresponding to valence correlations where valence orbitals are excited. In this work, the MCHF atomic-structure package is used [16] . We have also calculated Landé factors using the Zeeman program developed by Jönsson and Gustafsson [20] . Table 1 gives the relativistic energy values and Landé factors obtained for even-parity levels, while Table 2 contains the same information for odd-parity levels of Lu I. In these tables, first, second, third, fourth and sixth columns include configuration, term, J values, relativistic energies (in cm . Literature values to compare with our results are given in fifth column for energies and in the last column for Landé factors. When our energies for odd-and even-parity levels are compared with other works, good agreement is seen. Calculation results for 6 2 7 , 5 6 7 and 6 2 7 are, however, in poor agreement. These levels and Landé factors are better with the configuration set including only 5 6 2 , 6 2 7 , 5 6 7 , 6 2 6 , 5 6 6 and 6 2 7 . These results obtained according to the configuration set including these configurations are indicated with a superscript "*" in Tables 1 and 2. In Table 2 , it is seen that the 5 6 6 levels are broken down. The 5 2 6 configuration must be included since 5 6 6 is better; in this case, 6 2 6 and 6 2 7 are not good. A similar case occurs in even-parity levels. When 5 2 6 is not included in the configuration set, the 5 6 7 and 6 2 7 levels are better. The energies of highly-excited levels will probably be improved if high l orbitals can be selected, and more configurations include levels excited from core. This case is restricted by computer limitations. For all levels, Landé factors are in agreement with data in the NIST 2 database. In conclusion, we calculated energies, electric dipole transitions, lifetimes and hyperfine effects for selected levels of La I [17] [18] [19] . We intended to attempt a similar theoretical investigation on the homologous spectrum of lutetium, Lu I. Of course, it is expected that the relativistic effects will be even more important than those in La I. In addition, the levels excited from the core, especially in the 4f subshell, will be important in lutetium, although it occurs in complicated cases. We have here reported the energy data including valence correlation (excited levels from open shells) and Breit-Pauli relativistic corrections. We have also presented Landé g factors for these energy levels, which is a measure of the magnetic sensitivity of atomic levels. Some poor agreement between theory and experiment which is shown for some of the levels calculated in the present work requires further consideration.
These energy data and Landé g factors for Lu I can be useful in investigations of some radiative properties, and interpretation of many levels of Lu I. Because magnetic fields play a major role in many scientific areas such as astrophysics, the calculation of the Landé g factor is important. The experimental values for Landé g factors of rare-earth elements are far from being complete. Therefore we hope that these data about Lu I will be useful, especially for astrophysical research.
